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[11 Year-to-year variations in summer drawdown of Northern Hemisphere atmospheric
carbon dioxide (CO,) are compared with corresponding year-to-year variations in sea-
level pressure (SLP), surface air temperature, and the productivity of land vegetation as
inferred from the satellite-derived normalized difference vegetation index (NDVI).
Annual values of CO, drawdown for the years 1980—-2000 are estimated from smoothed
time series derived directly from individual flask samples at the nine Northern
Hemisphere monitoring stations with the most continuous records. The leading principal
component of the nine standardized drawdown time series, in which all stations exhibit
positive loadings, is used to represent the hemispheric signal in the CO, drawdown.
Linear regression analysis is used to infer the spatial patterns of anomalies in sea-level
pressure, surface air temperature, and the NDVI observed during various seasons of years
in which the drawdown is anomalously strong. Winters preceding anomalously high
drawdown seasons exhibit patterns characteristic of the high index of the Northern
Annular Mode (NAM). SLP tends to be anomalously low over the Arctic and high over
midlatitudes, and Eurasia tends to be anomalously warm. The pattern of the NDVI
observed during the early months of the growing season in years with anomalously high
drawdown is indicative of high productivity over Eurasia. These results support the
notion that the wintertime NAM influences the annual drawdown of CO, by modulating
winter temperatures that, in turn, affect the productivity of the terrestrial biosphere during
the subsequent growing season. INDEX TERMS: 0315 Atmospheric Composition and Structure:
Biosphere/atmosphere interactions; 0330 Atmospheric Composition and Structure: Geochemical cycles; 1610

Global Change: Atmosphere (0315, 0325); 1615 Global Change: Biogeochemical processes (4805);
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1. Introduction

[2] Records of atmospheric carbon dioxide exhibit a long-
term upward trend largely due to the anthropogenic pro-
duction of carbon dioxide (CO,) through the burning of
fossil fuels, which is moderated by the sequestration of
carbon dioxide by the ocean through solubility, marine
production, and, more speculatively, by the terrestrial bio-
sphere [Prentice et al., 2001].

[3] Superimposed upon this irregular upward trend is a
seasonal cycle which is most pronounced over high latitudes
of the Northern Hemisphere. Atmospheric CO, undergoes
an abrupt decrease during the late spring months due to the
excess of photosynthetic plant production over decay during
the growing season and the more gradual recovery during
the remainder of the year due to the continuing decay of the
plant material produced during the growing season. The
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summer drawdown of CO, is largest and most abrupt over
high latitudes of the Northern Hemisphere because the areal
coverage of land is large, seasonal variations in insolation
are large, and the growing season is concentrated in just a
few months.

[4] The drawdown occurs dependably every year, as
illustrated in Figure 1, but its magnitude varies in response
to variations in the productivity of the high-latitude terres-
trial biosphere. Keeling et al. [1996] reported a secular
increase in the amplitude of the drawdown in the Mauna
Loa record, which they attributed to increased productivity
of Northern Hemisphere vegetation.

[5] Here we examine year-to-year variations in the mag-
nitude of the drawdown and their relation to varying
atmospheric circulation patterns over the Northern Hemi-
sphere. Although ours is the first study to address this issue
directly, there are several published studies of year-to-year
variations in the productivity of Northern Hemisphere land
vegetation and their relation to variations in the atmospheric
circulation. Year-to-year variations in the width of the
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Figure 1. The 21-year record of the raw atmospheric carbon dioxide flask measurements at Barrow,

Alaska.

annual growth rings of trees have been used with some
success as a basis for constructing proxy indices of the
primary mode of variability of the extratropical wintertime
circulation (variously referred to as the North Atlantic
Oscillation (NAO [Hurrell, 1995]), the Arctic Oscillation
(AO [Thompson and Wallace, 1998]) and the Northern
Hemisphere annular mode (NAM [Hartmann et al.,
2001])) during the previous winter [Cook et al., 2002].
The so-called “high index” polarity of the NAO/AO/NAM
(henceforth referred to as the NAM) is characterized by
below-normal sea-level pressure over the Arctic centered
near Iceland, above-normal pressure over midlatitudes with
a prominent center over the Azores, and above-normal
surface air temperatures over Eurasia and most of the United
States. Los et al. [2001] and Buermann et al. [2003] have
examined the greenness anomalies associated with this
mode and found enhanced greenness over Eurasia accom-
panied by reduced greenness over high latitudes of North
America.

[6] Our study is based on 21 years (1980—-2000) of raw
flask-derived atmospheric carbon dioxide data reported by
the National Oceanic Atmospheric Administration’s
(NOAA) Climate Monitoring Diagnostics Laboratory
(CMDL) Carbon Cycle Group. The drawdown is defined
by the difference between the peak value observed within
2 months of the start of the growing season and the depth
of the pronounced dip that is observed around the end of
the growing season. In view of the relatively short
timescale for regional anomalies in a passive tracer like
CO, to be mixed throughout the hemisphere, we expect
that such a signal should be of the same polarity at all
stations; that is, apart from sampling variability, all
stations should exhibit anomalously large and small
summer drawdowns during the same sets of years. In
the following section, we show evidence of the existence
of such a hemispheric signal that is evident, to varying

degrees, in data from the nine Northern Hemisphere
monitoring stations that have the most complete records
of observations during the 21-year period 1980—2000.
[7] In section 3 we attempt to relate the time series of
CO, drawdown to spatially coherent variations of the
hemispheric circulation, as expressed in the sea-level pres-
sure field, during the season in which the drawdown is
taking place, and during preceding and subsequent seasons
as well. The analysis is based on sea-level pressure and
surface air temperature from the NOAA NCEP/NCAR
reanalysis [Kalnay et al., 1996] for the same 21-year period.
[8] As in previous studies of the greenness of the
terrestrial biosphere, we represent the greenness of
the terrestrial biosphere by the NDVI, derived from the
NOAA’s Advanced Very High Resolution Radiometer
(AVHRR). The radiometers measure emitted and reflected
radiation in one visible, one near, and one middle infrared,
and two thermal channels. The NDVI is calculated from
the visible and near-infrared bands. The vegetation index
exploits the property of green, vigorous vegetation to
reflect strongly in the infrared band while at the same
time strongly absorbing in the red band. Accordingly, the
NDVI is commonly referred to as “greenness.” The NDVI
data are strongly correlated with terrestrial net primary
production (NPP) and are frequently used as proxies of
NPP [Field et al., 1995; Prince and Goward, 1995]. It
must be noted that the correlation between the satellite-
derived NDVI and the actual NPP on the ground will vary
according to biome and season [Gamon et al., 1995;
Kicklighter et al., 1999]. There are also possible disconti-
nuities in the NDVI due to the compilation of separate
satellite missions [Gutman and Ignatov, 1995], but the 20-
year record and complete global coverage make the NDVI
the best available direct proxy for global terrestrial vege-
tation [Tucker et al., 1986; Keeling et al., 1996; Hunt et
al., 1996; Myneni et al., 1997, 1998]. In the final section
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Figure 2. Locations of the nine stations used in this study.

of the paper, we present a brief summary and interpretation
of the results.

2. Isolation of the Hemispheric Drawdown Signal

[v] We began by examining the records of the 13 longest-
running Northern Hemisphere stations. We took the raw
flask data for each station and calculated the daily average
for each day with observations, removing all measurements
flagged by CMDL as unacceptable. We then calculated a
30-day centered mean over of the daily flask data at each
station for each of the 7665 days in the 21-year record (leap
days are ignored so that each year is 365 days). Dates more
than 30 days removed from the nearest flask observation
were flagged as having missing data. All of the smoothed
station data were then analyzed for internal record gaps
more than 30 days in length: four of the stations (Christmas
Island (CHR), Key Biscayne (KEY), Ragged Point, Barba-
dos (RPB), and Shemya Island (SHM)) had more than
10 gaps of 30 days or longer and more than 5 gaps of
40 days or longer. These stations were discarded, leaving
the nine most continuous Northern Hemisphere records:
Alert (ALT), Barrow (BRW), Cold Bay (CBA), Guam
(GMI), Kumukahi (KUM), Midway (MID), Mauna Loa
(MLO), Niwot Ridge (NWR), and Station M (STM), whose
locations are shown in Figure 2.

[10] The annual CO, drawdown at each station was
estimated from the 30-day running mean time series,
rather than from the monthly mean data calculated at
CMDL, which are based on a spline fit to the flask data
(Figure 3). The differences are substantial, especially
when the sharp dip in the CO, time series that marks
the end of the summer drawdown occurs near the
beginning or end of a calendar month. In such cases,
the dips tend to be more pronounced, and consequently
the drawdown tends to be larger in our calculations than
in the monthly CMDL data.

[11] The drawdown time series for each station was
standardized by removing the time mean and dividing by
the standard deviation. For the stations with records shorter
than 21 years (e.g., ALT and MID), the station mean
drawdown was substituted in the years with missing data.
The drawdown time series for each station are shown in
Figure 4 and the correlation matrix between the station time
series is shown in Table 1.

[12] The fact that many of the correlations listed in the table
are low and some are even negative reflects the large
sampling variability inherent in the drawdown time series,
but the prevalence of positive correlations supports the
notion of a spatially coherent, hemispheric signal. As an
index of this signal, we use the leading principal component
(PC) of the correlation matrix, which accounts for 36% of the
combined variance of the nine standardized time series
(compared to 20% for the second component). The loadings
of the various stations in the corresponding leading empirical
orthogonal function are shown in Figure 4. Since the load-
ings are all of the same sign, this index is indicative of
hemisphere-wide year-to-year variations in summer draw-
down. To verify that it is not merely a manifestation of
sampling variability, we performed the same PC analysis on a
pseudo-randomized data set created by reversing the order
(in time) of four of the nine station time series in the matrix of
input data. Out of the possible 126 combinations that are
possible with nine stations, only five exhibited a leading PC
that explains as large a fraction of the total variance as that of
the original (unrandomized) data. In the following section the
leading PC of these nine station time series (the top curve in
Figure 4) is used as an index to represent the annual summer
drawdown of CO, over the Northern Hemisphere.

3. Regression Analysis

[13] In this section, time-varying spatial fields of climatic
variables are regressed on the standardized leading PC of
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Figure 3. Comparison of the Barrow data as represented in three different formats. Light shaded dots
are the individual daily observations, crosses are the monthly means derived from them, and the solid line
represents the running 30-day mean smoothed data used in this analysis to represent the summer

drawdown.

the drawdown time series, hereinafter referred to as the
“reference time series.”” A regression coefficient R, at the
nth grid point in the field is computed from the formula

R":x;.yl7

where x is the time series of the climatic variable at the nth
grid point, y is the standardized reference time series, the
overbar represents a time average over the 21-year record
and the primes represent a deviation from the time average.
In other words, R, is simply the temporal covariance
between x,, and y. The resulting “regression maps” (i.e.,
maps of the regression coefficients) represent the spatial
patterns of the anomalies in the climatic variables that tend
to occur during years in which the drawdown is larger than
the 21-year average. They can be interpreted as weighted
averages of the anomaly maps for all 21 years in which each
year is assigned a weight in proportional to the anomaly in
the drawdown for that year: years with drawdowns larger
than the 21-year average are assigned positive weights, and
years with smaller drawdowns are assigned negative
weights, and the sum of the weights is equal to zero. Since
the reference time series is standardized, contours on
regression maps have the same units as the field that is
being regressed. The amplitudes shown in regression maps
of, say, sea-level pressure are indicative of the anomalies
that occur in association with unit standard deviation in the
reference time series and can thus be considered typical
amplitudes.

[14] Regression maps are closely related to correlation
maps. The zero contours on the two kinds of maps are
identical, and the patterns are usually similar. At each point
on the maps the regression coefficient R, is equal to the
correlation coefficient 7, times the temporal standard devi-
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Figure 4. Standardized drawdown time series for the nine
CMDL monitoring stations retained in this analysis and the
leading principal component derived from them, as
indicated. The weighting of each station in the leading
principal component is listed at the right.
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Table 1. Correlation Coefficients (x 102) for the CO, Drawdown
Records (1980—2000) From Nine Northern Hemisphere Monitor-
ing Stations®

BRW STM CBA NWR MID MLO KUM GMI
38 35 18 30 40 55 17 64  ALT
24 29 —27 50 14 —02 35 BRW
-07  —-08 17 44 29 32 STM
-22 22 09 —23 25 CBA
09 20 57 21 NWR
63 19 66 MID
25 65 MLO
18 KUM

“Records from stations like Guam and Alert are strongly correlated with
the records from other stations.

ation of the grid point values of the field that is being
regressed, i.e.,

R, = r,,\/()?)

Because they contain amplitude information, regression
maps provide a clearer indication of the actual patterns in a
climatic field observed in association with variations in the
reference time series than correlation maps do. Note that in
contrast to the extrema on correlation maps, the peak values
on a regression map may exceed unity.

[15] The regression maps shown in this section are based
on consecutive 3-month means of climatic variables. We
examined the entire suite of maps generated by regression
3-month means on the drawdown time series, starting with
October/November/December of the preceding year, step-
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ping forward 1 month at a time, and ending with July/August/
September of the year of the drawdown, a total of nine sets of
maps. We found the regression patterns to be strongest for the
3-month, “late winter season’ January/February/March
(JEM) and the correlation patterns for that season (not shown)
to be nearly as strong as those for the growing season itself.
Furthermore, we found some tendency for the climatic
patterns set up during JFM to persist into the early months
of the growing season (Figure 5).

[16] The JFM regression pattern, shown in Figure 6a, is
characterized by below-normal surface pressure over the
polar cap region and above-normal pressure at temperate
latitudes. The strong meridional pressure gradient along the
nodal line is indicative of enhanced westerly surface winds
at subpolar latitudes. This pattern bears a remarkably strong
resemblance to the leading EOF of the monthly mean SLP
field poleward of 20°N for the same three calendar months
and the same 21-year data set, shown in Figure 6b. The
latter pattern is the basis for the definition of the NAM.
The polarity of the patterns in Figure 6 (i.e., the fact that the
center over the Arctic appears with a negative, rather than a
positive algebraic sign) is consistent with the ““high index”
polarity of the NAM, as defined in section 1.

[17] A strong regression pattern may be indicative of a
strong relation between the regressed field and the reference
time series. On the other hand, it might be merely an
indication of strong fluctuations in the climatic field that
are only weakly correlated with the variations in the
reference time series. Hence regression patterns need to be
tested for statistical significance. The corresponding corre-
lation patterns are often helpful in assessing the statistical
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Figure 5. Total of the cosine-latitude-weighted covariance between the first mode of the CO, drawdown
and the 3-month averaged NCEP SLP between 20°N and 90°N.
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Figure 6. (a) Sea-level pressure (SLP) field averaged over the months January—March (JFM) regressed
upon the standardized leading principal component (PC) of the annual drawdown of CO, during the
growing season. (b) The JFM SLP field regressed upon the NAM-index as defined by the leading PC of
monthly mean JFM SLP poleward of 20°N. Both patterns are based on the 21-year period of record
1980—-2000. Contours are at (—6, —4, —2, —1, —0.5, —0.1, 0.1, 0.5, 1, 2, 4, 6) hPa; warm colors indicate
positive anomalies; blue shades indicate negative anomalies; gray is straddling zero.

significance of regression patterns, but in order to interpret
them it is necessary to understand the distinction between
the “field significance” of a spatial pattern and the signif-
icance of correlations at individual grid points [Livezey and
Chen, 1983]. Here, in lieu of presenting correlation maps,
we apply two significance tests: one that focuses on the
strength of the pattern and one that focuses on its resem-
blance to the NAM.

[18] To test the strength of the pattern in Figure 6a,
irrespective of its relationship to the NAM, we compared
it with 10,000 spatial patterns generated by regressing the
same JFM SLP gridded data upon randomly generated,
standardized time series of the same length, with the same
l-year lag autocorrelation as the drawdown time series
(0.214). For each map, we computed the hemispheric mean
(poleward of 20°N) of the area-weighted squared covari-
ance (i.e., the square of the regression coefficient). The
actual CO, drawdown time series had a higher average
squared covariance than 92.2% of the randomly generated
time series. To test the strength of the relationship with the
NAM, we performed a t-test on the correlation coefficient
between the leading PC of the drawdown and the leading
PC of the SLP field, taking into account the autocorrelation
inherent in the drawdown time series in estimating the
degrees of freedom, using the formula of Leith [1971].
The observed correlation (0.55) is significant at the 95.5%
level based on a two-sided test.

[19] The corresponding regression map for JFM surface
air temperature (SAT) upon the standardized summer draw-
down time series is shown in Figure 7a, from which it is
evident that years with high summer drawdown tend to be

preceded by above normal SAT over Eurasia poleward of
40°N, and negative anomalies over Canada and Alaska. The
SAT regression pattern bears a striking resemblance to
the pattern obtained by regressing the JFM SAT field upon
the leading principal component of monthly mean JFM SLP
for this 21-year record (Figure 7b); i.e., for the high-index
polarity of the NAM.

[20] The regression pattern for the NDVI averaged over
the early part of the growing season April-June (AMJ)
upon the standardized summer CO, drawdown time series,
shown in Figure 8a, exhibits enhanced greenness over most
of Eurasia and reduced greenness over eastern Canada. A
very similar and slightly stronger pattern is obtained by
regressing each year’s AMJ NDVI upon the wintertime
NAM-index (i.e., the seasonal mean JFM value of the
leading PC of the monthly mean JFM SLP field), as shown
in Figure 8b.

4. Discussion

[21] The manner in which the CO, data are processed to
estimate the summer drawdown strongly impacts the
strength of the relationships described in the previous
section. When the analysis is performed on the leading
PC based on the drawdown time series for all 13 monitoring
stations, processed as described in section 2, the correlation
coefficient between the leading PC of the summer draw-
down and the NAM-index was significantly lower than
reported above. When the monthly CO, data set compiled
by CMDL is used in place of the smoothed daily time series
(retaining all 13 stations), the correlation is weaker still, but
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Figure 7. As in Figure 6 but for surface air temperature. Contours are at (—6, —4, =2, —1, —0.5, —0.1,
0.1,0.5, 1, 2, 4, 6) °C; warm colors indicate positive anomalies; blue shades indicate negative anomalies;

gray is straddling zero.

nonetheless suggestive of a relationship. In fact, it was just
such an analysis that motivated this more careful examina-
tion of the summer drawdown. The NAM-related hemi-
spheric signal in the drawdown time series is most clearly
evident in the flask measurements at remote island stations
Guam, Mauna Loa, and Midway in the subtropical Pacific.
Regression patterns for those stations (not shown) are quite

similar to those for the leading principal component of the
drawdown time series. Had we not standardized the draw-
down time series for individual stations before performing
the principal component analysis, the first mode would have
been dominated by the high-latitude continental stations,
whose large day-to-day sampling variability renders them
less representative of the hemisphere as a whole.

Figure 8. As in Figure 6 but for the NDVI averaged over April-June (AMJ). Green shades indicate
enhanced greenness; yellows and browns indicate reduced greenness, gray is straddling zero. Contours

are at (—6, —4,

-2, —-1,-0.5,-0.1,0.1, 0.5, 1, 2, 4, 6) x 1072 in dimensionless units.
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[22] The regression patterns presented in the previous
section that indicate a relationship between the wintertime
NAM and the NDVI during the subsequent growing season
are similar in many respects to results of Buermann et al.
[2003] based on canonical correlation analysis between
NDVI and surface air temperature and upper level geo-
potential height fields. The unique contribution of the
present study is the documentation of the direct linear
relationship between these fields and the summer drawdown
in CO,. Our analysis also demonstrates more clearly that the
NAM-related signature in land vegetation is lagged by a
season relative to the atmospheric circulation anomalies that
presumably caused it.

[23] We considered the possibility that the correlation
might merely be a reflection of a common trend in the
NAM and drawdown time series. Hurrell [1995] and
Thompson et al. [2000] have reported a trend toward the
high index of the NAM. However, it is evident from a visual
inspection of Figure 4 that the trend toward increasing
summer drawdowns of CO, reported by Keeling et al.
[1996] have not persisted through the period of our analysis.
Hence the contribution of the common trend to the observed
correlation between the wintertime NAM index and the
summer drawdown is negligible. We also considered the
possibility that the apparent influence of wintertime climate
anomalies upon the drawdown during the subsequent grow-
ing season might merely be a reflection of the season-to-
season autocorrelation of the NAM itself. Regression maps
analogous to the one in Figure 7a, but for subsequent
months (not shown), are, in fact, suggestive of some
tendency for persistence of the wintertime NAM anomalies
into spring, but the autocorrelation is not strong enough to
explain the lag correlation between the wintertime NAM
index and the summer drawdown. Hence we conclude that
there must be a direct linkage.

[24] An anomalously large drawdown of atmospheric
CO, following a high NAM-index winter could conceivably
be a reflection of either enhanced productivity or suppressed
respiration during the growing season. Given that winter-
time respiration is small and that soil temperatures adjust to
the ambient atmospheric temperatures and radiative fluxes
within a period of days, it is difficult to imagine how
wintertime temperature anomalies could affect respiration
during the following summer. On the other hand, there are
plausible mechanisms by which productivity could be
influenced by antecedent climatic conditions. For example,
the above-normal wintertime temperatures observed over
Eurasia in association with the high index polarity of the
NAM could result in less extensive snow cover in late
winter, which would favor an anomalously early spring
thaw, and an early start of the growing season. It is also
worth considering whether there could be more direct
biological processes whereby anomalously warm winter
temperatures could promote increased productivity during
the subsequent growing season.
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